A coupled general circulation model, MIROC3.2, was used to investigate the impacts of global warming on the El Niño-Southern Oscillation (ENSO) variability. The model has relatively fine resolution which captures the atmosphere and ocean dynamics well. The model shows an overall warm trend in the tropical Pacific under the greenhouse warming, particularly in the central equatorial Pacific. Superimposed on such trend is the increase in amplitude of interannual ENSO variability. A sensitivity analysis shows that ocean, rather than the atmosphere, is responsible for the strengthening. The greenhouse warming tends to increase the surface waters more, leading to strengthened subsurface vertical stratification in the equatorial ocean. The strengthening of the subsurface stratification is greater in the western half of the equatorial Pacific where the unit amount of surface wind stress change tends to accompany in-situ subsurface temperature anomalies greater under the warmed climate. This as well as the change of the mean meridional temperature gradient appears to be responsible for the increase in ENSO amplitude.
Introduction
The last century had seen an increased global mean surface temperature by between 0.3°C and 0.6°C, which may have been influenced by the human activities (Cane et al. 1997; IPCC 1995) . Some climate phenomena also underwent changes in the last century; for example, the variabilities of the El Niño-Southern Oscillation (ENSO) events were much intense, including the two strongest El Niño events (1982/83, 1997/98) , during the last 20 to 30 years compared to the previous 100 years (IPCC 2001) . One of the questions to which people pay more attention now is how the ENSO might be subjected to change as the greenhouse gas concentrations increase. Recently, simulations of the ENSO response to increased greenhouse gases give out some controversial findings. Meehl et al. (1996) , Tett (1995) and Knutson et al. (1997) suggest that ENSO events have no or little changes in the warm climate. While Timmermann et al. (1999) and Collins (2000) argue that the amplitude of ENSO increases as the greenhouse gases increase.
In this study, the response of ENSO to greenhouse warming is analyzed in a coupled general circulation model, MIROC3.2. Briefly, the MIROC3.2 is developed jointly by three institutions, CCSR 1) , NIES 2) , and FRCGC 3) , Japan. The model is of global domain, consisting of relatively high atmospheric spectral resolution of T106 with 56 vertical levels coupled with an ocean model with horizontal resolution of 0.28°longitude and 0.19°latitude with 48 vertical levels without applying any flux adjustment. We analyze two integrations in this study to examine the response of ENSO to increase in greenhouse warming. One is the control run, which is a 100 year long integration with the fixed CO2 concentration level at year 1900. Another is the transient greenhouse warming simulation, which is integrated for 90 years with the increasing CO2 concentration at a rate of 1% per year. Models have been spun up for more than 100 years. Figure 1 shows regression maps of ocean temperature against NINO3 SST anomalies (averaged SST anomalies over the region 150°W 90°W, 5°S 5°N). When at lag of 12 months, there is a positive temperature anomaly in the subsurface layer of the western Pacific, which forms and develops at the depth of about 150 m. At the same time, sea surface temperatures have no significant change. The positive anomaly in western Pacific propagates eastward and upward along the thermocline slope gradually till it reaches the surface of eastern region of tropical Pacific at the time of about 6 months lag. Upon their arrival at the eastern Pacific, the warm surface phase develops. Then, at the sea surface, the warm waters spread westward, and this condition persists for several months. At the lag 0 month, the thermal state of ocean exhibits maximum ocean temperature anomalies in the eastern tropical Pacific, presenting a mature stage of El Niño event. At that time, an opposite sign of anomalies is formed and located in the equatorial western Pacific at subsurface levels, and then it propagates systematically eastward, bringing the decaying phase to the El Niño. At the time of +12month, the appearance of cold surface water in the east suggests the end of an El Niño cycle. The simulation reveals quite well the stage of initial, developing, maturing, and decaying in ENSO cycle, qualitatively comparable to the observation shown, e.g., in Ishii et al. (2003; their Fig. 11 ).
Model ENSO
We also note that during the maturing phase, the simulated maximum warming is located east of 120°W, while many coupled models tend to simulate the maximum anomalies more westward (AchutaRao et al. 2002) . It suggests that the model captures the atmosphere and ocean dynamics well and represents the realistic thermocline displacement in the ENSO cycle. However, the increase in the horizontal resolution could contribute to improve ENSO simulation, it is not adequate for modeling the tight vertical gradient of thermocline. The big deficiency in model is that it has a much diffused thermocline due to the insufficient model vertical resolution which leads to a weaker-than-reality amplitude of ENSO. The standard deviation of NINO3 SST anomalies during the whole 100-year integration is 0.33°C, underestimated by a factor of about 2.4 compared to observed (0.79°C, calculated based on the HadISST data during period 1901 2000), a common problem in many non-flux-correction coupled models (Mechoso et al. 1995; Latif et al. 2001 ).
ENSO response to the greenhouse warming
The NINO3 region is the most common region used 149 to test the statistical features of ENSO interannual variability. In our simulation, the NINO3 SST response to the 1% yr 1 CO2 increase experiment shows that with the increase in greenhouse gas concentration the anomaly amplitude increases gradually and enhanced interannual variability is found (Fig. 2) . Standard deviations of NINO3 SST anomalies in December, January, and February (DJF) for the control run and the 1%yr 1 CO2 experiments are calculated ( Fig. 3 ) and, here, the season DJF was chosen for the consideration that the ENSO warm-peak phase is locked to boreal winter. Fig. 3 reveals that after the year 70 onward, with more than doubled CO2 concentration, the NINO3 standard deviation is almost 40% larger than that of the control run. The standard deviations for other seasons give out similar results (figure not shown). In addition to the 1% yr 1 CO2 increase experiment, we also integrate a 100-yearlong experiment from 2001 to 2100 according to the IPCC A1B scenario (IPCC 2001) . A similar but even pronounced increase in ENSO amplitude is produced in that experiment. Figure 3 shows a slight decline standard deviation in the first several decades. The reason for it is not yet clear but may be related to the long-time variation of the spin-up. However, it does not affect the results significantly.
Changes in ENSO in Response to Greenhouse Warming as Simulated by the CCSR/NIES/FRCGC Coupled GCM
To investigate the change of periodicity of the ENSO variability under the enhanced greenhouse concentration, power spectra of NINO3 SST anomalies are calculated for both the control and the 1% yr 1 CO2 experiments (Fig. 4) . Besides the biennial periodicity, power spectra of observed NINO3 SST anomalies calculated over the period 1950 1999 show that there are two main periods, which are about 3.7 year and 5.5 year, respectively, as pointed out by many studies. The amplitude of simulated ENSO is much smaller than the observed due to the much diffused thermocline temperature gradient at the equator, which is a serious weak point of the present model. The power spectrum of NINO3 SST anomalies of the control run most significantly peaks at approximately 2.8 year, whereas the spectra for the 1% yr 1 CO2 experiment have a slight period shift, peaking at around 3.4 year. The shift of spectral peak may partly result from the change of mean state, and this will be considered later.
The simulated linear trend of ocean temperatures and wind stress, calculated from the 90 year-long integration for the CO2 run, shows that the equatorial SST rise overall with strongest warming in the central Pacific, associated with this surface temperature change is the positive trend anomalies in the wind stress implying a weakening of tropical easterly wind compared to present climate (Fig. 5a ). In the case of the trend of ocean sub-surface temperature, there is a subsurface cooling at the depth of thermocline west of dateline near 160°E (Fig. 5b) . The zonal SST gradient averaged on the central Pacific (160°E 140°W, 5°S 5°N) during last 20 years (model year 71 90, when the greenhouse gas concentration has doubled) decreases to 0.034°C(100km) 1 in the CO2 run from 0.038°C(100 km) 1 in the control run. The decreasing longitudinal SST gradient reduces the west-east heat contrast across the tropical Pacific which drives the thermally direct circulation cell with rising branch in the west and sinking branch in the east. Therefore, the zonal equatorial atmospheric circulation, i.e., Walker Circulation, weakens, thus the trade winds along the equator slacken. For instance, the average zonal wind stress over central Pacific is 0.0258Nm 2 in CO2 run compared to 0.0361Nm 2 in control run. The relaxed trades cause the warm water in the west to shift eastward, and then reduce the slope of the thermocline, therefore the upper ocean heat content near the equator in the western half of the Pacific decreases (a shallower thermocline) and that in the eastern basin increases (a deeper thermocline) which results in the negative temperature trends in the subsurface layer of western tropical Pacific. The strongest warming in the central tropical Pacific causes the atmospheric convection over there to be enhanced. The precipitation difference between the transient experiment and the control run during the year 71 90 reveals that the rainfall over the tropical ocean increases along the equator, especially over the most warmed area, the central tropical Pacific; decreases off the equator and over the areas around Indonesia, east of Australia where the warming is not as strong as in the equatorial central Pacific Ocean (figure not shown).
Role of subsurface temperature change
The sea surface temperatures warm much more than subsurface temperatures in the warmed climate, which intensifies the temperature difference between the seasurface and sub-surface, leading to a stronger thermocline. The cooling in the subsurface layer of western Pacific further strengthens the vertical gradient of ocean temperature, resulting in a more strengthened subsurface vertical stratification there than in the eastern basin. Timmermann et al. (1999) speculates that the strengthening of thermocline is likely to affect the amplitude of ENSO interannual variability. Meehl et al. (2001) also documents that tight and shallower thermocline prefers to have greater amplitude of ENSO in their CGCM experiments. We calculated the atmospheric and oceanic sensitivities as Timmermann et al. (1999) did (Fig. 6) . The atmospheric sensitivity is defined as the ratio of covariance of NINO3 SST anomalies and zonal wind stress anomalies in the central Pacific (150°E 150°W, 2°S 2°N) to the variance of NINO3 SST anomalies (Unit: PaK 1 ). And the oceanic sensitivity is defined as the ratio of covariance of NINO3 SST anomalies and zonal wind stress anomalies to the variance of zonal wind stress anomalies (Unit: Kpa 1 ). It is found that the oceanic sensitivity to the atmosphere shows a significant increase under the greenhouse warming. However, the atmospheric sensitivity shows no corresponding change, indicating that the change of warmed ocean against the unit change in the atmospheric wind stress becomes larger under the greenhouse warming.
The variation of the thermocline depth near the equator reflects well the upper ocean heat content, which is closely tied to changes in atmospheric zonal wind stress. The heat content and the variation of thermocline depth to the same unit amount of change in wind stress are expected to be equal in amount. However, the different base states of the control run and transient warming experiment can give out different insitu subsurface temperature anomalies to the equivalent amount of wind stress change. Figure 7 shows the regression of the ocean temperature anomalies along the equator responding to the unit change in zonal wind stress anomalies over the central Pacific defined in the sensitivity analysis (Kpa 1 ) for the control run and the 1% yr 1 CO2 experiments, respectively. The regressed maps show a pattern of temperature response with maximum positive coefficient over the sea surface of eastern Pacific and maximum negative coefficient in the thermocline layer of western basin where the initial precursor usually appears in the El Niño events. The ocean in the warmed climate tends to produce greater temperature response, especially the enhanced response in the subsurface layer of the western Pacific is conspicuous. The Pacific surface temperature response is +6Kpa 1 in the CO2 experiment, which is about 20% greater than the control run. On the other hand, a 4Kpa 1 response is located at the depth of 120 160m near 158°E, which amounts to 33% increase. This indicates that the response of subsurface temperature is likely more sensitive to the sloshing of the thermocline with strengthened subsurface vertical stratification. The greater western subsurface response, when propagating to the eastern basin and combining with the effect of upwelling there, is expected to contribute to the greater amplitude of simulated ENSO. In addition to the strengthen of the temperature vertical gradient, the most warming along the equator and less warming offequator decrease the mean meridional temperature gradient, thus the negative feedback of anomalous meridional advection on heating weakens which contributes to intensify the ENSO variability as well (An et al. 2004 ).
Discussion
Comparing the results of the control and transient runs, an overall warm trend appears in the tropical Pacific Ocean under the greenhouse warming, particularly over the equatorial central tropical Pacific. Consequently, the easterly wind trades over equatorial Pacific weaken, and the precipitation in the tropical ocean increases along the equator and decreases off the equator.
The increased ENSO interannual variability has been found in the response to the greenhouse warming in the MICRO3.2 coupled climate model. Compared to the control run, the power spectra of NINO3 SST anomalies of 1% CO2 experiment have a slight period shift, peaks at 3.4 year.
The overall warmed surface sea waters and cooled subsurface waters in the western tropical Pacific ocean tend to reduce the west-east heat contrast across the tropical Pacific, and weaken the zonal equatorial atmospheric circulation. Moreover, the much more warmed surface waters lead to strengthened subsurface vertical stratification in the equatorial ocean. The strengthening of the subsurface stratification is greater in the western half of the equatorial Pacific where the unit amount of surface wind stress change tends to accompany in-situ subsurface temperature anomalies greater under the warmed climate (Fig. 7) . The greater subsurface temperature response to wind stress in the western Pacific suggests that the sharpening subsurface vertical stratification is likely more sensitive to the sloshing of the thermocline. Hence, the stronger sensitivity of the ocean, as well as the changes of the mean meridional temperature gradient seems to be responsible for the enhanced ENSO interannual variability.
Due to the uncertainties in the climate system, our results presented here should be viewed as one way of response of the tropical Pacific interannual variability to the greenhouse warming. An intercomparison among multitudes of climate model responses would enhance our understanding. Fig. 6 . Atmospheric and oceanic sensitivities of 1% yr 1 CO2 experiment. The atmospheric sensitivity is defined as the ratio of covariance of NINO3 SST anomalies and zonal wind stress anomalies in the central Pacific (150°E 150°W, 2°S 2°N ) to the variance of NINO3 SST anomalies (black line, Unit: PaK 1), and the oceanic sensitivity is defined as the ratio of covariance of NINO3 SST anomalies and zonal wind stress anomalies to the variance of zonal wind stress anomalies (red line, Unit: Kpa 1 ), following the method of Timmermann et al. (1999) . 
